We review X-ray constraints on dark matter in giant elliptical galaxies (10 12 M ⊙ < ∼ M vir < ∼ 10 13 M ⊙ ) obtained using the current generation of X-ray satellites, beginning with an overview of the physics of the hot interstellar medium and mass modeling methodology. Dark matter is now firmly established in many galaxies, with inferred NFW concentration parameters somewhat larger than the mean theoretical relation. X-ray observations confirm that the total mass profile (baryons+DM) is close to isothermal (M ∼ r), and new evidence suggests a more general power-law relation for the slope of the total mass profile that varies with the stellar half-light radius. We also discuss constraints on the baryon fraction, supermassive black holes, and axial ratio of the dark matter halo. Finally, we review constraints on non-thermal gas motions and discuss the accuracy of the hydrostatic equilibrium approximation in elliptical galaxies.
Introduction
Cold, non-baryonic dark matter (CDM) is a critical ingredient of the widely accepted Big Bang cosmological paradigm (1; 2; 3). Although the dark matter (DM) particle has yet to be directly detected in a terrestrial laboratory (4; 5; 6) , the total amount of DM is known precisely from observations of the large-scale geometry of the Universe, in particular the cosmic microwave background radiation, distant Type Ia supernovas, baryon acoustic oscillations, galaxy cluster mass functions and baryon fractions. These observations indicate that DM comprises about 23% of the energy density budget of the Universe today compared to about 4% for baryonic matter (7; 8) .
While the standard cosmological model describes the large-scale Universe very well, it has encountered interesting tension with observations of DM on galaxy Department of Physics and Astronomy, 4129 Frederick Reines Hall, University of California at Irvine, Irvine, CA 92697-4575, e-mail: buote@uci.edu,phumphre@uci.edu scales. Perhaps most notably, beginning with the seminal studies of rotation curves of dwarf spiral galaxies (9; 10), it is now generally recognized that both small and large disk galaxies have central radial DM profiles that are flatter than initially predicted by the standard model when considering only the gravitational influence of the DM (11; 12; 13) . Similar cored DM profiles are obtained by optical studies of elliptical galaxies at the center of galaxy clusters (14; 15; 16; 17; 18) , though X-ray observations of some clusters find "cuspy" total mass profiles consistent with theory (19; 20) . This "core-cusp" problem has generated great interest as it may yield information on the nature of the DM that is apparently inaccessible to observations on larger scales. An influential early suggestion to reconcile observation and theory is that the DM particles are self-interacting (21; 22; 23; 24) , though observations apparently do not currently favor that possibility (19; 20; 25; 26) .
Alternatively, the core-cusp problem may reveal clues to the influence of baryons on galaxy formation which should be most important near the centers of galaxies. In the standard model slightly over-dense regions in a nearly uniform early DM distribution acted as seeds for future galaxies and clusters. Baryonic material subsequently fell into the potential wells established by the DM. The interplay of the baryons and DM through, e.g., adiabatic contraction and dynamical friction, has likely altered the spatial distributions of both quantities during galaxy formation and evolution (27; 28; 29; 30; 31; 32; 33) . Hence, the DM profiles on galaxy scales can serve as important laboratories for studying galaxy formation and the nature of the DM particle.
Like all the different types of galaxies, giant elliptical galaxies have their own special properties that make them deserving of dedicated study. Unlike disk galaxies or the smallest dwarf elliptical galaxies, giant elliptical galaxies are sufficiently massive that multiple powerful techniques to measure their mass profiles are available for many systems. In particular, only for giant ellipticals can gravitational lensing and X-rays be used to complement the information available from stellar dynamics, the latter of which is also available for smaller galaxies. Also, in contrast to the smallest galaxies, every giant elliptical is thought to host a super-massive black hole (SMBH) at its center, the formation of which is apparently intertwined with the host galaxy (34; 35) . It is also becoming increasingly recognized that galaxies acquire their gas in two modes that are distinguished by whether or not the in-falling gas is heated (36; 37) . Both modes can operate in the transition mass regime of giant elliptical galaxies (10 12 − 10 13 M ⊙ ) (38) . One of the advantages of using X-ray observations to probe DM and SMBHs in elliptical galaxies is that the hot X-ray-emitting interstellar medium (ISM) fills the three-dimensional galactic potential well, thus providing a continuous tracer from the galactic nucleus out to well past the optical half-light radius where stellar dynamical studies become very challenging. In order to translate an X-ray observation of the hot ISM into a gravitating mass profile and DM measurement, it is required that hydrostatic equilibrium holds to a good approximation throughout the region of interest; i.e., that the thermal gas pressure of the ISM balances the weight of the gas. With X-ray observations providing increasing evidence of morphologically disturbed elliptical galaxies, it is timely to review the accuracy of the approximation of hydrostatic equilibrium in X-ray determinations of their DM profiles. Understanding and quantifying deviations from hydrostatic equilibrium not only will lead to more accurate X-ray mass determinations, but any measured non-hydrostatic gas motions will provide clues to elliptical galaxy formation (39; 36; 37; 38; 40; 41) .
Since giant elliptical galaxies tend to be located in dense environments, it can be difficult to disentangle any DM associated with the elliptical galaxy from its parent halo. Naturally, most of the attention of X-ray studies has been devoted to those systems with the largest X-ray fluxes which has lead to an emphasis on elliptical galaxies located at the centers of the most massive galaxy groups and clusters. While all elliptical galaxies are of interest for DM studies, in this review we address galaxysized halos by focusing on the lower mass regime that is still accessible to detailed X-ray study (10 12 M ⊙ < ∼ M vir < ∼ 10 13 M ⊙ ) We restrict consideration to objects where a single giant elliptical galaxy dominates the stellar light, which at the upper end of the mass range under consideration are often classified as fossil groups (42; 43; 44) which are thought to be highly evolved, relaxed systems (45; 46; 47) .
In the present review we focus on the constraints on DM in elliptical galaxies obtained using the current generation of X-ray observatories -Chandra, XMM, and Suzaku; constraints from the previous generation of X-ray satellites are reviewed by, e.g., (48; 49; 39) . While we take care to mention relevant results obtained from other techniques, our review is not intended to be complete from the multi-wavelength perspective. The interested reader is urged to consult the reviews by (50; 51) and (52; 53) for discussions of the constraints on DM in elliptical galaxies obtained by stellar dynamics and gravitational lensing.
Hydrostatic Models of the Hot ISM

Preliminaries
The hot ISM of an elliptical galaxy (T ∼ 10 7 K ∼ 0.9 keV/k B ) has properties that are extremely similar to the (hotter) intracluster medium (ICM) of a massive galaxy cluster (54; 55; 56) . While the detailed radiation spectrum is described well by a collisionally ionized plasma of electrons and ions obeying the coronal approximation (57), the macro-structure of the hot ISM in an elliptical galaxy is for many purposes also described well by a simple monatomic ideal gas. We highlight four key features of the "hot gas" relevant for constructing hydrostatic models to measure the DM content in elliptical galaxies.
Collisional Fluid
In a fully ionized plasma, the equipartition timescale for electrons considering only their mutual Coulomb interactions is (58) 
where m e is the electron mass, e is the electric charge, k B is Boltzmann's constant, n e is the electron number density, and T e is the electron temperature. For T e > 4 × 10 5 K the Coulomb logarithm of an electron-proton plasma is (58) ,
The 
Because m e does not enter the above equation this expression also represents the mean free path for the protons (for n e = n p and T e = T p ). The electron and proton mean free paths are generally much smaller than the length scales of interest for DM studies indicating that the plasma may be treated as a collisional fluid. Still, in the outer regions near the virial radius, where n e is small, and therefore the Coulomb mean free path is large, it is possible the fluid approximation considering only Coulomb collisions may not always be justified. But the hot ISM of elliptical galaxies may typically possess tangled ∼ 1µ G magnetic fields (62; 63) . If so, the electron gyroradius, r g = v e /ω, for angular gyrofrequency ω = eB/m e c, r g = 3.9 × 10
is vastly smaller than the relevant length scales for DM studies. (The same is true for the proton gyroradius obtained by setting m = m p .) Consequently, if the hot ISM contains (plausible) weak magnetic fields, then it is expected to behave as a collisional fluid on all length scales of interest for DM studies, allowing an isotropic pressure and temperature to be defined for any fluid element.
Local Maxwellian Velocity Distribution
In any fluid element in the hot ISM Coulomb collisions between electrons establish a Maxwellian velocity distribution with kinetic temperature T e on the time scale given by equation (1) . This is much shorter than other time scales associated with the hot ISM in a relaxed elliptical galaxy. In general the ions can reach equilibrium with a kinetic temperature different from that of the electrons. But electron-ion collisions will establish equipartition on a time scale ≈ (m p /m e )τ e−e ≈ 1870τ e−e ≈ 10 7 yr for the conditions typical of the hot ISM (58) . Only for galaxies currently undergoing strong dynamical disturbances, particularly in the central regions of some galaxies with AGN, might be evolving dynamically on a comparable time scale so that the electron and ion temperatures could be different. In relaxed elliptical galaxies, however, the hot ISM is expected to behave locally as a Maxwellian velocity distribution with a single kinetic temperature for the electrons and the ions. Therefore, the thermal pressure of the hot ISM is characterized by that of a monatomic ideal gas, ρ gas k B T /µm a , where µ is the mean atomic weight of the gas and m a is the atomic mass unit. For a fully ionized gas of solar abundances, µ = 0.62.
Thermal Pressure Dominates Magnetic Pressure
Observations of radio halos and relics in several massive galaxy clusters indicate that the ICM is magnetized with a field strength of 1 − 10 µG (64) . Unfortunately, elliptical galaxies are not observed to possess the large-scale diffuse radio emission observed in some massive clusters, and thus knowledge of their magnetic fields is derived from systems with embedded radio jets where the inferred ∼ µG fields (62) may not be representative of the typical hot ISM. For fields of this magnitude, with P mag = B 2 /8π and P therm = n gas k B T ≈ 1.9n e k B T ,
which implies a minor, though very uncertain, contribution of magnetic fields to the pressure support of the hot ISM. Many theoretical models of inflowing gas in elliptical galaxies predict that small seed magnetic fields are amplified possibly to this level or larger (39, and references therein), although the small gas fractions observed at the centers of groups (65; 66) likely indicates that any hypothetical concentration magnetic fields, e.g., arising from the amplification owing to inflowing gas just described, has been dispersed by feedback. X-ray studies of DM in elliptical galaxies generally neglect the magnetic pressure, an assumption that can be tested indirectly by (1) comparing observed stellar mass-to-light ratios to theoretical stellar population synthesis models and (2) comparing mass profiles obtained by X-ray methods with those obtained from stellar dynamics and gravitational lensing ( §8).
Thermal Motions Dominate the Hot ISM in Relaxed Galaxies
When the gravitational potential evolves on a time scale longer than the dynamical time, approximately given by the crossing time of the stars,
where d is the length scale of the region under consideration and σ is the stellar velocity dispersion within that region, a time-independent description of the gravitational potential is appropriate. This quasi-static description of the gravitational potential is valid regardless of the dynamical state of the hot ISM, because the gas contributes negligibly to the total mass (gas+stars+DM) over most of the radial range within the virial radius of an elliptical galaxy. Radiative cooling of the hot gas acting alone cannot drive evolution on time scales smaller than the cooling time (≈ 5 × 10 6 /n e yr for T = 10 7 K and solar abundances, or 5 × 10 9 yr for n e = 10 −3 cm −3 ) which is generally much longer than t cross . But rapid evolution on a time scale < ∼ t cross is expected to prevail in the central regions of galaxies that have experienced recent, strong AGN feedback presumably generated in response to gas cooling. For our purposes, a relaxed elliptical galaxy is one in which the structure of the hot ISM is also evolving quasi-statically on a time scale longer than t cross described by a state of hydrostatic equilibrium, which applies provided any nonthermal gas motions (i.e., motions that are not associated with the random velocities that define the thermal gas pressure) are negligible compared to the sound speed, c s = γP gas ρ gas
where γ = 5/3 is the adiabatic index. This implies a sound crossing time similar to the stellar crossing time in equation (6) . Turbulence is expected to be introduced into the hot ISM from merging and intermittent AGN feedback. Interesting limits on turbulent motions have been obtained via constraints on resonance scattering in the center ( < ∼ 1 kpc) of the elliptical galaxy NGC 4636 (67) and from Doppler broadening of the X-ray emission lines in a small number of elliptical galaxies (NGC 533, NGC 1399, NGC 4261, NGC 5044) from the sample of (68) suggesting that any turbulent motions present in the central regions of those systems are highly subsonic. While not expected to dominate, turbulent velocities may not be negligible since cosmological hydrodynamical simulations typically find that turbulence contributes up to ∼ 20% of the pressure support of the ICM in relaxed galaxy clusters (69; 70; 71; 72; 73) . The irregular, subsonic Hα velocities observed at the centers of some elliptical galaxies also suggest turbulent velocities in the hot gas (74) . It is unlikely that rotation dominates the ISM dynamics on large scales in elliptical galaxies given the lack of flattened disks observed (75) , though modest rotational spin-up might occur in the innermost ( < ∼ 1 kpc) regions of some galaxies (41). The expected inflow velocities arising from radiative cooling are negligible (39) , and a recent study of galaxy-scale halos using a cosmological hydrodynamical simulation concludes that their hot ISM is generally quasi-hydrostatic (76; 77).
The Equation of Hydrostatic Equilibrium: Usage Guidelines
For the relaxed elliptical galaxies under consideration, hydrostatic equilibrium of a fluid element of hot ISM is expressed as the balance between forces per unit volume of gravity and gas pressure,
where Φ is the gravitational potential, P gas is the pressure and ρ gas the density of the ISM. If non-thermal effects are significant that can be represented by a pressure (P nt ), such as for isotropic random turbulence or a magnetic field, then P gas = P t +P nt , where P t is the thermal pressure. For the case of solid-body rotation, Φ can be replaced by an effective potential. For general rotation (and other ordered gas motions) the convective derivative term (v · ∇)v in the Euler equation must be added to the left-hand side of equation (8) . As remarked previously, the hydrostatic approximation is appropriate provided the non-thermal gas motions are subsonic. In order to measure directly the magnitude of any non-thermal motions present in the hot ISM, it is necessary to measure precisely the Doppler shifts and broadening of emission lines which is beyond the capability of the current X-ray satellites -except possibly for the innermost regions of some galaxies noted above. Consequently, indirect methods are required to assess whether a galaxy is suitably relaxed for the hydrostatic approximation. Assessment of the morphology of the X-ray image is a convenient first step to locate candidate relaxed galaxies for the following reason. Because the total underlying stellar and DM distribution is expected to have a shape close to that of an ellipsoid, the gravitational potential is also expected to be approximately ellipsoidal, though rounder than the generating mass distribution. Since in hydrostatic equilibrium the X-ray emissivity traces the same three-dimensional shape as the potential for any temperature profile (78; 79; 49, also see §6), galaxies that exhibit irregular, non-ellipsoidal features in their X-ray images might not be suitably relaxed for hydrostatic study. The existence of such asymmetrical features (e.g., substructure, cold fronts) does not guarantee large departures from hydrostatic equilibrium, as demonstrated by cosmological hydrodynamical simulations of clusters (69; 70; 71; 72; 73) , especially when the features are sufficiently localized so that they can be easily excluded from study (80; 71) .
Another important consideration in hydrostatic analysis is to insure that the X-ray emission that is attributed to hot ISM is not, in fact, heavily contaminated by unresolved discrete sources. A large number of the brightest discrete sources (mostly low-mass X-ray binaries -LMXBs) can be detected and excluded in nearby galaxies using the high spatial resolution of Chandra (see 81, and references therein); the lower resolution of XMM leads to far fewer detections, and only a few sources (if any) can be detected with Suzaku. Because the combined spectrum of unresolved LMXBs is spectrally harder than the hot ISM, the spectral signature of the hot ISM can be reliably extracted from the data provided it is not overwhelmed by the unresolved source component. The situation is more problematic in X-ray faint galaxies (having low ratios of X-ray-to-optical luminosity) like NGC 3379, where hydro-static mass estimates have been attempted (82; 83) but the soft, diffuse X-ray emission attributed to hot ISM most likely originates almost entirely from cataclysmic variable stars and stellar coronae (84; 85) .
Once a suitably relaxed galaxy with sufficient emission from hot ISM has been identified, the accuracy of the hydrostatic equilibrium approximation can be assessed indirectly via consistency checks. First, one may examine if any wellmotivated hydrostatic model is able to provide an acceptable fit to the observed density and temperature profiles of the hot ISM. If an acceptable fit is obtained, the data are consistent with, though do not necessarily require, hydrostatic equilibrium. A poor fit -particularly one with sharp discontinuities in the density and temperature profiles -provides strong evidence for significant violations of the hydrostatic equilibrium approximation 1 . Second, the gravitating mass profile inferred from the X-ray data can be compared to independent measurements using other techniques having different assumptions (stellar dynamics, gravitational lensing). When results obtained from different methods agree, it provides support for the underlying assumptions of each method and implies that systematic errors are well understood (see §8).
Hence, given the limitations of current X-ray data, a sensible approach to apply and assess hydrostatic equilibrium is the following:
Guidelines for Applying Hydrostatic Equilibrium in Elliptical Galaxies:
• Select systems which tend to have a regular, approximately cicular or elliptical X-ray image morphology. If the image has asymmetric features, they should be preferably confined to spatial regions that are small compared to the region of interest; e.g., the inner region showing evidence of possible AGN feedback.
• Unresolved discrete sources should not dominate the X-ray emission. As a rough guide, at least half the X-ray luminosity within the optical half-light radius should originate from hot gas.
• Determine whether a hydrostatic model is able to provide an acceptable fit to the density and temperature profiles of the hot ISM over the region of interest.
• When possible, compare the mass profile obtained via the hydrostatic approximation with that obtained by an independent method; e.g., stellar dynamics, gravitational lensing. The hydrostatic equilibrium approximation is judged to be useful if it provides DM measurements of comparable (or better) quality than other techniques -or provides any information when no other technique is available.
The disturbed X-ray image of M 84 is a spectacular example (89) of the profound effect that AGN feedback can have on the hot ISM and is not a galaxy where hydro- static equilibrium is expected to apply very accurately. But not all elliptical galaxies display such strong, large-scale irregularities in their X-ray images. In Figure 1 we display several elliptical galaxies with mostly regular images suitable for hydrostatic analysis. Two of the them, NGC 720 and NGC 4649, have very regular images deep into their cores ( Figure 2 ). Another two, NGC 4472 and NGC 4261, possess low-level image fluctuations consistent with cavities associated with radio jets that do not greatly interfere with hydrostatic mass analysis. For several of these galaxies, radial entropy profiles have been computed (90; 91; 92) and found to increase monotonically with radius as also found in groups and clusters (93) , indicating that the hot ISM is stable to convection and consistent with approximate hydrostatic equilibrium. (92)) and NGC 4649 (bottom), indicating deviations from a smooth model fit to the X-ray isophotes (90; 92). Both galaxies appear to be relaxed and symmetrical at all scales accessible to the Chandra images.
On the Incidence of Relaxed Elliptical Galaxies
In a controversial study, Diehl & Statler (95) investigated the X-ray and optical isophotal ellipticities in a heterogeneous sample of early-type galaxies to test whether they are consistent with hot ISM obeying hydrostatic equilibrium. The expected correlation between the ellipticities assumes that both hydrostatic equilibrium holds exactly and mass follows (optical) light, so that the stars define the shape of the gravitational potential and thus the shape of the X-ray emission. In an attempt to mitigate the impact of any DM halo, Diehl & Statler restricted their analysis of each galaxy to within a small radius -60%-90% of the optical half-light radius. When the expected correlation between the X-ray and optical isophotal ellipticities was not found, they concluded that hydrostatic equilibrium is not ubiquitous and, therefore, should never be assumed (even approximately) in mass analysis. They speculate that assuming hydrostatic equilibrium will always result in an error typically as large as the value of the mass measured; i.e., relaxed elliptical galaxies do not exist. While we agree (as detailed in the previous section) that care should be exercised in the application of hydrostatic equilibrium to the study of elliptical galaxies, we strongly disagree with their general conclusions about the accuracy of X-ray mass measurements.
The observed lack of a correlation does not allow conclusions to be drawn with certainty for an individual object; it only indicates that hydrostatic equilibrium is unlikely to hold perfectly in a galaxy randomly drawn from their sample, provided it is chosen without any consideration of its morphology. As noted above, hydrostatic equilibrium as expressed by equation (8) is an approximation and is not expected to hold exactly given especially the impact of turbulence on the hot ISM induced by past mergers and AGN feedback. In other words, no elliptical galaxy is expected to be perfectly relaxed. The objects displayed in Figures 1 and 2 are among the most relaxed elliptical galaxies possessing high-quality X-ray data. But Diehl & Statler's sample also contained galaxies with pronounced large-scale asymmetries that we would not recommend the routine application of hydrostatic mass methods following the guidelines discussed previously (e.g., NGC 4636: (96) and M 84: (89)), and since they focused on the smallest scales (where X-ray point-source removal is most challenging and where AGN-driven disturbances are most serious), in contrast to the larger scales that are most important for DM analysis, the implications of their study for DM measurements of morphologically relaxed systems are dubious and provide no basis for claiming typical mass errors > ∼ 100% on all scales in such systems.
An example of how conclusions regarding the center of a galaxy need not apply on larger scales is provided by NGC 5044. In this system Diehl & Statler measured an X-ray ellipticity (0.41 ± 0.08) greatly exceeding the optical value (0.07 ± 0.01), which cannot be reconciled easily with hydrostatic equilibrium (unless the gas is also rapidly rotating). But the X-ray ellipticity measurement is confined to the region within the optical half-light radius (< 4 kpc) containing obvious disturbances presumed to be associated with AGN feedback (97; 98; 99) . (We note, however, that there is recent evidence that turbulent motions of the hot ISM are negligible compared to the sound speed in the center of NGC 5044 (68) .) The X-ray emission can be traced out at least to several hundred kpc, about one-third of the virial radius (100; 101). Outside of the very central region discussed by Diehl & Statler, the X-ray isophotes are largely symmetric and nearly circular, and acceptable fits with hydrostatic models are obtained (65) . Now turning our attention to the central regions within the optical half-light radius relevant to the study of SMBHs ( §7), we remark that additional factors can introduce scatter into the correlation between the isophotal ellipticities generated by the stars and hot ISM. As noted above, Diehl & Statler assume that the mass traces the same shape as the optical light, whereas both X-ray and optical observations suggest DM distributed differently from the stars typically contributes 20%-30% within the half-light radius in giant elliptical galaxies (see §4). Furthermore, their novel technique to create X-ray images of diffuse hot ISM strictly requires there are no spatial variations in the spectral properties;
i.e., every galaxy is assumed to be isothermal with constant metallicity throughout, in conflict with observations of many galaxies possessing high-quality X-ray data (102; 103; 104; 105; 82; 106; 107; 108) . Finally, ISM rotation might be important in some galaxies and yet have little relation to stellar rotation because slowly rotating inflowing gas at large radius might be spun up to dynamically relevant velocities if angular momentum is conserved. But rotational spin-up is not guaranteed for every galaxy, and instead the gas can be outflowing gently in a subsonic wind greatly reducing the impact of any rotation initially provided by the stars -see discussion in (39) .
Before leaving this topic, we caution that a statistical appraisal of the properties of the hot ISM in any sample of elliptical galaxies should consider the sample selection criteria. Our impression of the X-ray properties of elliptical galaxies is obtained within the context of what are essentially optically selected samples. But for the study of ISM properties, it is important to select the sample according to the ISM luminosity and not the total X-ray luminosity which also contains the emission from discrete sources associated with the stellar population. Diehl & Statler follow the common approach of studying a "heterogeneous" sample of elliptical galaxies, which essentially amounts to collecting all objects in the archives with data of sufficient quality. This procedure resulted in a sample containing some well known objects with extended, X-ray luminous ISM (e.g., NGC 4472) and some where virtually all the X-ray emission can be attributed to discrete sources (e.g., NGC 3379 -(84; 85)).
It is instructive, therefore, to consider a sub-sample extracted from their sample of 54 galaxies that is selected based on the X-ray luminosity of the diffuse gas. Using the tabulated diffuse gas luminosities published by Diehl & Statler, we construct such a sub-sample by excluding massive group/cluster systems (gas L x > 3 × 10 42 erg s −1 ) and gas-poor galaxies (2σ lower limit on gas L x < 1 × 10 40 erg s −1 ) resulting in a sample of 26 galaxies, give or take a few depending on how we interpret the quoted lower or upper limits for some systems. This sub-sample includes the seven galaxies shown in Figure 1 , as well as several other systems with generally regular X-ray images and where hydrostatic equilibrium previously has been profitably employed -NGC 533, NGC 1399, NGC 1404, NGC 3923, NGC 4555, NGC 5044. The sample also contains well-known disturbed systems such as M 84, NGC 4636, and NGC 5846, which are expected to deviate from hydrostatic equilibrium. In sum, an ISM-selected sub-sample culled from Diehl & Statler's heterogeneous sample indicates that approximately 50% of the elliptical galaxies are sufficiently relaxed for hydrostatic analysis.
Methods
The variety of techniques that have been developed to apply hydrostatic equilibrium to the study of the mass distributions in elliptical galaxies (as well as galaxy clusters) can be divided into two broad classes that will be denoted here as smoothed inversion and forward-fitting. Whereas the forward-fitting approach assumes parameterized models for the mass profile and one thermodynamical variable of the gas (e.g., temperature profile), smoothed inversion instead introduces one or more arbitrary parameters to guarantee a smooth (physical) mass profile. The decision of whether or not to adopt a particular approach depends on several factors which we discuss below. Generally, the smoothed inversion approach is preferred if one is primarily interested in measuring the value of the enclosed mass within some radius without making any reference to an assumed (parameterized) mass model. If instead one desires to test the viability of an assumed mass model (e.g., power-law, NFW) and to measure its parameters for comparison to other galaxies and theory, the forward-fitting approach is preferred. Whenever possible both approaches should be employed to assess the magnitude of any biases.
We note that in the following it is generally assumed that the gas density and temperature profiles (projected or deprojected) of the hot gas have been already obtained via an analysis of the spatially resolved X-ray spectra. The hydrostatic models then use these measured profiles to constrain the mass distribution. This decoupling of the spectral fitting and mass modeling, though convenient and generally less computationally expensive, is not necessary. The formalism of both of these approaches is reviewed in Appendix B of (65) .
In the following subsections, we outline in more detail how the two broad model classes are implemented.
Smoothed Inversion
Pros:
• Mass measured without reference to an input parameterized model.
• Does not require an input parameterized model for the gas temperature, density, pressure, or entropy.
Cons:
• Deprojection requires a high degree of symmetry (usually spherical).
• Cannot self-consistently account for the projection of galaxy emission from any radii outside of the observed data range or, generally, extrapolate the hydrostatic model outside the data range.
• Arbitrary smoothing required to obtain a physical (monotonically increasing) mass profile. The amount of smoothing increases for lower data quality.
The aim of the smoothed inversion approach is to measure the mass profile without reference to an assumed (parameterized) model for the mass distribution or any quantity associated with the hot ISM (gas temperature, density, pressure, or entropy). For this to be achieved, the three-dimensional distribution of the hot ISM must be obtained by non-parametrically deprojecting the data on the sky. This is only possible if the ISM has a high degree of symmetry, and therefore spherically symmetric deprojection using the well-known "onion peel" method originally developed for clusters is almost always adopted (109; 110). Since the onion peeling starts from the outer edge of the galaxy and works its way inward, such deprojection formally requires that the data span the entire size of the galaxy. As this is not generally the case, ad hoc prescriptions are usually employed to estimate the projection of gas from radii larger than the extent of the available data (111; 112).
Because no global mass model is assumed, the value of the mass determined within a given shell can be negative due to noise in the data (amplified by deprojection). To circumvent this problem so as to achieve a mass profile that increases monotonically with radius, the inversion procedure must smooth the gas quantities (e.g., temperature and density) and the mass profile itself. The amount and type of smoothing is arbitrary, and typically as the data quality decreases the amount of smoothing required to achieve interesting constraints generally increases. As discussed below, types of smoothing include (1) the use of ad hoc smooth parameterized models for the gas density and temperature, (2) assuming the ISM is constant in spherical shells so that the widths of the shells set the smoothing scales, and (3) one or more parameters in a Bayesian prior. While the smoothing can be well-motivated, it necessarily introduces additional assumptions, usually expressed by additional parameters that must be determined empirically by the data. Consequently, we believe that the terms "non-parametric" or "model-independent" sometimes used to describe smoothed inversion methods are misleading and should be avoided.
In the context of DM studies, smoothed inversion is best suited to providing a measurement of the enclosed mass within a particular radius without assuming a specific parameterized mass model; e.g., measuring M 500 for the purpose of establishing the mass function of elliptical galaxies. But if one also desires to fit and measure the parameters of a mass model (e.g., global power-law slope, NFW concentration parameter), the ad hoc smoothing adds a barrier between the data and model which is not present in the forward-fitting approach that is more naturally suited for this problem.
Traditional Approach: Parameterized Density and Temperature Profiles
For a spherically symmetric galaxy where the hot ISM is supported by ideal gas pressure, equation (8) can be solved for the total gravitating mass (stars, gas, and DM) as a function of the gas density (ρ gas ) and temperature (T ),
where k B is Boltzmann's constant, µ is the mean atomic weight of the gas, m a is the atomic mass unit, and G is Newton's gravitation constant. Beginning with M 87 over thirty years ago (113; 114) , this equation has been widely applied to galaxies and clusters traditionally by inserting smooth parameterized functions for the density and temperature into equation (9) . The ad hoc parameterized functions do not guarantee a physical mass profile that increases monotonically with increasing radius, and their use offsets any gain in rigor from not assuming a specific mass model. Thus, while this traditional approach has the advantage of being conceptually simple and computationally inexpensive, it is best employed as a rough estimate and a check on other methods.
Smoothing by Binning
The derivatives in equation (9) may instead be computed directly from the density and temperature values measured in adjacent radial bins rather than by assuming any parameterized models. Because of bin-to-bin statistical fluctuations in the density and temperature (or pressure) profiles, increased binning (i.e., smoothing) of the radial profile is generally required to produce an approximate monotonically increasing mass profile. This method has only been attempted for the brightest galaxy clusters (115; 116), since only for data of the highest quality can interesting results be obtained without resorting to heavy binning of the data. Recently, Nulsen et al. (117) have proposed a scheme that obviates the need for explicit computation of the derivatives by assuming that within any spherical shell the gravitating matter density and gas temperature are constant. By requiring that the gas pressure be continuous across shell boundaries, the gas density is then computed within any shell using an isothermal solution of equation (8) . But the pressure continuity condition involves the difference in the gravitational potential between adjacent shells, which is related to a derivative (and is the argument of an exponential). Consequently, the mass profile derived from this procedure remains subject to similar bin-to-bin statistical fluctuations that occur when the derivatives in equation (9) are computed explicitly. To improve the smoothness of the derived mass profile, Nulsen et al. advocate requiring that the gravitating matter density decrease monotonically with increasing radius.
Bayesian Inversion with Smoothing Prior
A very general approach to smoothed inversion has been proposed by Das et al. (118) , which is based on the seminal works of Merritt & Tremblay (119) and Magorrian (120). Das et al. enforce smoothness via a Bayesian prior which penalizes large second derivatives between radial bins in the temperature, circular velocity (hence the mass), and pressure gradient. The magnitude of the smoothing is controlled by a parameter λ , the value of which is arbitrary and depends on both the number of radial bins and the model grid spacing. For convenience Das et al. use simulations to select a fixed λ for all galaxies. Since the sensitivity of the derived mass profile to λ should be investigated for any galaxy, a reasonable extension would be to define a prior for λ and then marginalize over λ for each system.
Forward-Fitting
Pros:
• No formal restrictions on galaxy geometry (though spherical symmetry usually assumed).
• Allows for self-consistent extrapolation of hydrostatic model and projection of galaxy emission to and from any radii outside the data range.
Cons:
• Requires an input parameterized model for the mass.
• Requires an input parameterized model for one of the following thermodynamic quantities: gas temperature, density, pressure, or entropy.
The forward-fitting approach uses parameterized models for the mass and one thermodynamic variable of the hot ISM (density, temperature, pressure, or entropy). Because the galaxy is completely specified by the models, in principle any geometrical configuration can be accommodated, though spherical symmetry is usually assumed. The model can be extrapolated to radii outside the available data range allowing for self-consistent treatment of the projection of the ISM of the entire galaxy. Forward-fitting can be applied to data that have been deprojected (as with smoothed inversion) or directly to the data on the sky. The ability to fit projected models to data on the sky is especially important for lower quality, noisy data whose integrity would be unacceptably degraded by deprojection noise.
This approach is preferred when it is desired to test the viability of a particular mass model and to measure its parameters. If the assumed model is incorrect, then the measured mass at a given radius may differ systematically from the true value. It is therefore necessary to explore multiple mass models to gauge the magnitude of any bias. Since the measured mass may be sensitive to the assumed mass model, when possible results using forward-fitting should be compared to those from smoothed inversion.
Prior to Chandra and XMM, when accurate spatially resolved temperature profiles were only available for a few of the most massive galaxies, it was customary to make strong assumptions about the temperature profile in order to obtain an interesting constraint on the DM. Typically the gas was assumed to be isothermal or that it obeyed a polytropic equation of state (P gas ∝ ρ γ gas ). The most widely used of these approaches is the well-known isothermal "beta model" (121; 122; 123). While such procedures still can be useful for obtaining DM estimates from observations of low data quality, we focus our discussion on methods intended to exploit accurate spatially resolved temperature profiles, as such data are now more widely available.
Density-Based
If an assumption is made about the form of the gas density profile, e.g., that it is described by a parameterized function, then taken together with an assumed parameterized mass model the equation of hydrostatic equilibrium (equation 8) may be solved to give the temperature,
where T 0 = T (r 0 ) and ρ gas,0 = ρ gas (r 0 ) evaluated at some reference radius r 0 . Here and below we assume spherical symmetry unless noted otherwise (i.e., in §6). The parameters of the mass and density models and the normalization T 0 are then constrained by the observation. As with all the types of forward-fitting approaches we discuss, it is common practice first to measure the temperature and density profiles from fitting the spectra and then constrain the free parameters of the hydrostatic model via a simultaneous fit to the measured profiles. Although the gas contribution to the total mass M(< r) in elliptical galaxies can generally be neglected until one approaches close to the virial radius, a self-consistent hydrostatic model should include it. For these density-based models this is straightforward since the gas density profile is assumed, and therefore the gas mass profile is defined before the temperature profile is computed. An important variation of the density-based approach was proposed by Fabian and colleagues (109; 110; 124; 125) which exploits the relatively high statistical quality of the X-ray surface brightness profile. Sometimes referred to as the "Cambridge Method", this approach assumes spherical symmetry and analytically deprojects the surface brightness using the onion peel procedure to give the threedimensional emissivity profile, ε ∝ ρ 2 gas Λ (T, Z), where Λ (T, Z) is the plasma emissivity which depends on temperature T and metal abundances Z and is integrated over the relevant (broad) wave band. If Λ (T, Z) is assumed to be constant over the galaxy, then ρ gas (r) ∝ ε(r). Because of the relatively high statistical quality of the surface brightness (and emissivity), the density profile derived in this way usually can be evaluated in much finer spatial bins than is possible for the temperature profile determined from detailed spectral fitting. This allows the finely binned density profile to be treated as a continuous function by interpolating values between the bins, which can then be inserted (along with a parameterized mass model) into equation (10) to predict the temperature profile for comparison to the values measured from the spectra.
It is a significant advantage of the Cambridge Method that it does not require for input an assumed, possibly oversimplified, parameterized model for the density profile. Still, the density profile generated assuming a constant Λ leads to hydrostatic solutions that are not self-consistent in the presence of temperature and metallicity gradients. This effect is not expected to be large because variations in Λ within a galaxy or cluster are probably no more than ∼ 20% which translate to inferred density differences of only ∼ 10%. In principle, the best-fitting temperature pro-file could be used to define a new spatially varying Λ from which a new density profile could be computed. The process could be iterated to achieve improved selfconsistency.
Temperature-Based
If an assumption is made about the form of the temperature profile, then in conjunction with a parameterized mass profile the equation of hydrostatic equilibrium (equation 8) may be solved for the gas density,
where spherical symmetry is again assumed. This approach can be especially useful when the temperature profile is poorly constrained by the data. Simple profiles (constant, power-law) can be adopted in order to explore their impact on the inferred mass profile. Unlike the density-based case, the gas mass contribution to M(< r) cannot be included fully self-consistently in the fit. However, because the gas mass can be treated as a small perturbation, an iterative procedure can be employed; i.e., after first taking the gas mass contribution to M(< r) to be zero, use the resultant best-fitting ρ gas (r) to compute a fixed gas mass profile that is added to M(< r) and then fit again.
Entropy-Based
Recent studies have suggested that the entropy is the logical thermodynamic variable for which to assume a parameterized model (90; 91; 126; 127) . Consistent with the hydrostatic equilibrium approximation is the requirement that the hot gas be stable against convection at every radius. Convective stability provides an important additional constraint on the mass profile that has been used in the past to set a robust lower limit on the total masses of galaxy clusters (128) . For an ideal gas equation of state the first law of thermodynamics can be solved to yield the specific entropy, s = (3k B /2µm a ) ln(T ρ −2/3 gas ) + constant. It is conventional for studies of the hot gas in galaxies and clusters to remove the logarithm and the numerical factor to define the quantity, S ≡ (k B /µm a )T ρ −2/3 gas , which we will refer to as the "entropy" in our discussion.
If parameterized models are assumed for both the entropy and mass profiles, then the equation of hydrostatic equilibrium can be rewritten so that,
Solving this equation for ξ gives the profiles of gas density, ρ gas = (P/S) 3/5 = S −3/5 ξ 3/2 , and temperature, k B T /µm a = S 3/5 P 2/5 = S 3/5 ξ , which are compared to the observation to constrain the parameters of the input S and M(< r) models. Since, however, the total mass M(< r) also includes the gas mass which depends on ξ , equation (12) can be solved for ξ by direct integration only if the gas mass is negligible with respect to the mass of the stars and DM. To include the gas mass self-consistently, equation (12) can be differentiated and rearranged to yield,
where use has been made of the relation dM(< r)/dr = 4πr 2 (ρ stars + ρ DM + ρ gas ).
The two boundary conditions for this second-order differential equation require specifying the values of ξ and dξ /dr at some radius. The value of ξ amounts to specifying the pressure at some radius, which is just a normalization constant determined by the fitting of the density and temperature profiles. As discussed by (90) , because the gas mass makes a negligible contribution to the total mass at small radius, equation (12) can be evaluated at such a small radius to give the dξ /dr boundary condition. The Schwarzschild criterion for convective stability requires that the entropy increases monotonically with increasing radius, consistent with observations of relaxed elliptical galaxies, for which the entropy profiles are well described by simple models of a constant with a broken power-law (90; 91; 92). The Schwarzschild criterion also effectively limits the magnitude of any temperature gradient. Stronger restrictions on the temperature gradient potentially could be enforced by MTI/HBI instabilities (129; 130) that develop in the weakly magnetized plasma characteristic of the hot gas in a galaxy cluster. These instabilities arise when heat and momentum transport occurs only along magnetic field lines, which may happen in regions of a plasma where the gyroradius is much smaller than the the Coulomb mean free path (such as for an elliptical galaxy -see §2.1). But since these instabilities are expected to be weaker for the lower temperatures of elliptical galaxies, and they are also suppressed by small amounts of turbulence (131; 132) , their relevance to elliptical galaxies is unclear.
Whereas gas density and temperature profiles display a large range of behavior, a robust result of cosmological simulations considering only gravity is that the radial entropy profile follows a power-law, S(r) ∼ r 1.1 (133; 134) . Since the cooling and feedback processes that would modify this relation are expected to be most significant closer to the centers of halos, the S(r) ∼ r 1.1 relation provides a physically well-motivated asymptotic relation that is particularly useful when extrapolating the hydrostatic model outside the data range (e.g., computing model projections). 
Is DM Required?
Prior to the launches of Chandra and XMM, the principal limiting factor for most X-ray studies of DM in elliptical galaxies was the temperature profile. (Nonspherical DM constraints, which are largely insensitive to the temperature profile, can be more affected by unresolved discrete sources (138; 139; 140) -see §6). In most cases isothermality was assumed, but the possibility of large radial temperature gradients meant that no firm conclusions on DM could be obtained for most galaxies (48) . For a small number of the brightest, hottest (k B T ∼ 1 keV) most massive (few × 10 13 M ⊙ ) galaxies, ROSAT was able to place interesting constraints on the temperature profiles, from which large amounts of DM were inferred: NGC 1339 (141), NGC 4472 (142; 143), NGC 4649 (143), and NGC 5044 (100). (137) for M/L profiles of galaxies with temperature profiles that fall toward the center (red lines) and for others (blue lines). Now accurate temperature profiles have been measured with Chandra and XMM for many galaxies (Figure 3) . The shapes of the radial temperature profiles of earlytype galaxies can be separated into roughly two classes (82; 94; 137): (1) those with profiles that rise toward the center, corresponding to galaxies with M vir ∼ < 10 13 M ⊙ and average temperature k B T ∼ 0.5 keV, and (2) those with profiles that fall toward (92) using deep observations with Chandra and Suzaku. The solid (black) line indicates the total enclosed mass, the dashed (red) line indicates the stellar mass, the dotted (blue) line is the DM contribution, and the dash-dot (magenta) line is the gas mass contribution. The grey shaded regions indicate the 1σ error on the total mass distribution obtained using the entropy-based forward-fitting method. Overlaid are a set of data points derived from an independent analysis using the traditional smoothed inversion approach; i.e., the model indicated by the shaded region was not obtained by fitting these data points. Notice that DM is clearly required for radii larger than ∼ 5 kpc, about 2R e , where R e = 3.1 kpc is the K-band halflight radius.
the center, corresponding to galaxies with M vir ∼ > 10 13 M ⊙ and average temperature k B T ∼ 1 keV. These temperature profiles enable accurate DM constraints for many galaxies, including lower mass systems (few × 10 12 M ⊙ ).
Equipped with accurate temperature profiles from Chandra and XMM, precise constraints on mass-to-light ratios (M/L) have now been obtained for many galaxies (144; 135; 82; 94; 65; 136; 145; 146; 90; 91; 137; 92) ; here M is the total mass and L is the stellar luminosity, each computed within the same radius. Generally, for those galaxies with good constraints on the temperature profile out to a large radius, the data exclude a constant M/L profile at high significance, instead requiring that M/L rises with increasing radius outside of 1-2 optical half-light radii (Figure 4) . The failure of the constant M/L model provides strong evidence for DM.
It should be stressed that the current generation of X-ray satellites is able for the first time to provide excellent constraints on DM in lower mass galaxies with average temperature k B T ∼ 0.5 keV. Combining data from deep observations with Chandra and Suzaku, (92) obtained strong constraints on the mass profile of NGC 720 (see Figure 5 ) which was found to have a total mass (M 2500 = 1.6 ± 0.2 × 10 12 M ⊙ ) similar to that of the Milky Way. This X-ray evidence for DM determined individually for a relatively small number of elliptical galaxies (∼ 15, depending on the upper mass limit) is complemented by evidence from large statistical studies in the optical. Weak lensing (147; 148; 149; 150) and the dynamics of satellite galaxies (151) consider the accumulated data from a very large number of galaxies and find that the average halo mass ∼ 10 12 M ⊙ clearly exceeds that which can be attributed to the stars. As for constraints on individual systems, strong evidence for DM using sophisticated, orbit-based stellar dynamical models has been found recently for NGC 4649 (152) , although the mass somewhat exceeds that inferred by X-rays, a point to which we shall return in more detail in §8.
Radial DM Profile
Although the need for DM is now established for many elliptical galaxies, the X-ray data do not as of yet clearly favor a specific model for the radial profile. In particular, both the NFW and ∼ r −2 DM density profiles are consistent with available data. The NFW profile provides a useful means to compare observed DM halos to those predicted by cosmological models. The two parameters which specify the NFW profile are the concentration c ∆ and halo mass M ∆ . The concentration is defined as, c ∆ = r ∆ /r s , where r s is a scale radius (denoting the radius at which the logarithmic denstiy slope is -2), and r ∆ is a reference radius defined so that the average density of the halo within the sphere of radius r ∆ equals the number ∆ times the critical density of the Universe. Quoted values for ∆ typically range from 100-2500. The mass, M ∆ , is the mass enclosed within r ∆ . Often ∆ is chosen to be the solution to the spherical collapse model at the time of cluster virialization (153) , where ∆ ∼ 100 at the present epoch in the standard Λ CDM cosmology, in which case the parameters are sometimes referred to as the "virial radius", r vir , "virial mass", M vir , and "virial concentration", c vir .
Dissipationless simulations of the Λ CDM model predict c vir ≈ 10 for DM halos with an intrinsic scatter of ≈ 0.1 dex over the mass range of elliptical galaxies considered in this review (155; 156) . Some early measurements obtained much larger concentrations on these mass scales inconsistent with theory. Firstly, (157) attempted to deconvolve the large, energy-dependent PSF of ASCA observations, which is challenging given that the size of the PSF (> 1 ′ ) is generally as large or larger than the optical half-light radii of nearby elliptical galaxies observed in Xrays. Secondly, (158) used ROSAT observations, but they had to assume the gas is isothermal throughout each galaxy. Finally, one early study using Chandra data of NGC 6482 (159) with an accurately measured (non-isothermal) temperature profile also obtained a very large concentration (c 200 = 61, c vir ∼ 80).
Mamon & Lokas (154) proposed that such large concentrations disagreeing with theoretical expectation were primarily an artifact of neglecting to include a component for the stellar mass in X-ray determinations of the DM profile. This bias was confirmed with Chandra observations by (94) in their sample of seven galaxies (154) . When including components for both the stars and DM the values are mostly consistent with the theoretical expectation within the errors (solid line is median and dashed lines 1σ intrinsic scatter), with a weak suggestion that the galaxies lie systematically above the theoretical relation.
( Figure 6 ), demonstrating that reliable X-ray measurements of the DM concentration on the galaxy scale definitely require the stellar mass to be modeled accurately. There is good agreement in the concentrations obtained for studies of galaxies like NGC 1407 that include the stellar mass (94; 146) . But statistically significant systematic differences can arise in some (higher mass) galaxies between studies that include stellar mass (65) and those that instead exclude a large portion of the central region (66) . As emphasized by (65) , since an accurate determination of the DM concentration requires that the NFW scale radius be accurately measured, it is essential that r s lie within the range of data being fitted. One the other hand, excluding the central region of a galaxy disturbed by AGN feedback is a reasonable approach for hydrostatic analysis. In either case, the systematic error in the adopted analysis choice needs to be investigated and quantified.
The observed c vir − M vir relation for elliptical galaxies inferred from X-rays (Figure 6 ) is broadly consistent with the cosmological prediction within the estimated observational errors. Despite the relatively large error regions, these measurements on the elliptical galaxy scale, when combined with measurements for groups and massive clusters, were crucial to providing a sufficiently wide mass baseline to establish that the c vir − M vir slope is indeed negative (a robust prediction of CDM models) with a value (−0.17 ± 0.03) close to the theoretical prediction (160) . However, even when accounting for the stellar mass the normalization of the c vir − M vir relation on the galaxy scale remains larger than predicted. While the effect is not highly significant for the results shown in Figure 6 , the recent analysis of NGC 720 (92) using deeper Chandra data mentioned previously with an improved entropy-based analysis finds c vir = 26 ± 5, M vir = 3.3 ± 0.4 × 10 12 M ⊙ , which exceeds the theoretical prediction (considering intrinsic scatter) by about 2σ . The systematic offset could represent one or more of the following: the selection of preferentially early Fig. 7 Gravitational potential profiles and power-law fits from (162) . Chandra data are shown in red and XMM in blue. Solid vertical lines indicate the radial range included for the power-law fits, while the vertical dotted lines indicate the optical half-light radius.
forming systems (NGC 720 is a very relaxed isolated galaxy), departures from hydrostatic equilibrium (underestimate of stellar mass contribution), or the need for a different value of σ 8 or w in the cosmological model (see 160) . Although adiabatic contraction (27; 161) can lower the inferred concentrations, the estimated modest reductions still exceed the theoretical prediction (94; 65; 92) .
While the NFW profile is a good description of the DM profiles in elliptical galaxies, evidence continues to accumulate that the total gravitating mass is very well approximated by a single power-law over a wide radial range. Prior to Chandra and XMM many X-ray studies found mass profiles consistent with ρ ∼ r −α , where α ≈ 2 (see (162; 163) , and references therein), although isothermal gas was (163), arbitrarily scaled for clarity. The solid lines are the bestfitting profiles determined from an entropy-based forward-fitting procedure, while the data points are determined from the traditional smoothed inversion approach; i.e., the displayed models are not fitted to the data points but are derived independently. (Right Panel) Results for 6 objects from (118) based on X-ray data analyzed by (162) . Solid lines show the mass best-fitting mass profiles, while the dotted lines show the best-fitting power-laws to these mass profiles. generally assumed. These results have now been confirmed and strengthened (Figures 7, 8 ) with accurate temperature profiles measured with Chandra and XMM (82; 94; 162; 163; 118) . Furthermore, using Chandra data of 10 galaxies spanning a wide range in M vir (including some clusters) and optical half-light radii (R e ), (163) discovered that the power-law index α decreases systematically with increasing R e ( Figure 9 ). This behavior can be explained by the combination of the stellar (Sersic) and DM (NFW) profiles required to produce a power-law total mass profile, which leads to the relation α = 2.31 − 0.54 log 10 R e for a Sersic index n ≈ 4 corresponding to a stellar de Vaucouleurs profile.
This correlation has recently been confirmed by (165) using combined central velocity dispersions and strong gravitational lensing in 73 early-type galaxies. These optical results provide very important supporting evidence, but since they essentially determine a mass profile from two mass data points (i.e., at the center and at the Einstein radius of a galaxy), the X-ray measurements remain of critical importance. This relation between α with R e has far-reaching implications, as (163) showed that it implies a DM fraction within R e that varies systematically with the properties of the galaxy in such a manner as to reproduce, without fine tuning, the observed tilt of the Fundamental Plane. Consequently, (163) speculated that establishing a nearly power-law total mass distribution is a fundamental feature of galaxy formation and the primary factor which determines the tilt of the fundamental plane. 
Baryon Fraction
Accuracy of the Hydrostatic Equilibrium Approximation
Provided other sources of systematic error are controlled, the accuracy of a mass measurement from X-rays reflects the degree to which non-thermal motions are present in the hot gas. As remarked in §2.1 only limited direct constraints on gas motions are possible with current X-ray detectors, and such measurements that exist suggest subsonic non-thermal motions. An indirect assessment of non-thermal mo- tions can be achieved by comparing the X-ray-determined stellar M/L ratios with those predicted for each galaxy by single-burst stellar population synthesis (SSP) models. For a sample of 4 galaxies (including NGC 4472 and NGC 4261, both of which have AGN-blown cavities in the ISM), the X-rays and SSP display good overall agreement (Fig 10) , implying non-thermal pressure is no larger than ∼20% (91). Similar agreement was found for NGC 1407 (146) . While the SSP models could be in error due to a mixture of differently aged stars in each galaxy or the initial mass function (IMF) differing from that of Kroupa (166) , for non-thermal pressure to be significant, it must exist in a finely balanced conspiracy with the shape of the IMF.
Alternatively, if the three-dimensional gravitational potential can be measured independently, it should be possible to use the measured X-ray properties of the gas to make an (indirect) constraint on non-thermal gas motions. Since elliptical galaxies with X-ray data of sufficient quality for detailed mass analysis are necessarily quite nearby (within ∼ 100 Mpc), the only techniques (aside from X-ray tools) currently available to measure the gravitational potential with sufficient accuracy are axisymmetric (or triaxial) stellar dynamical methods. The most sophisticated of these methods employ the full information in the line-of-sight stellar velocity distribution to break the mass-orbit degeneracy (170; 171; 172; 173), while making minimal assumptions about the orbital structure (174; 175). The fundamentally ill-posed nature of the inversion problem at the heart of these "orbit-based" methods can be mitigated by regularization or a maximum entropy constraint (e.g. 175; 176; 171) .
Only a few studies have attempted to combine the X-ray and optical methods in this way. Assuming spherical symmetry and severely limiting the orbital structure by employing "Jeans modeling", a modest disagreement between the mass inferred from the two techniques has been reported for the galaxy NGC 4472 (177; 178) .
While this may indicate on average ∼20-50% non-thermal pressure support, it could also reflect the limitations of Jeans modeling to recover the orbital structure accurately (e.g., 179). In contrast, using a similar approach (180) argued the X-ray method overestimates the mass distribution in the elliptical galaxy NGC 1407 by ∼70%, which is difficult to understand unless the gas is globally out-flowing. The exact magnitude of this discrepancy, however, is very uncertain due to large systematic errors associated with assumptions in both the X-ray and the optical analysis. (A similar conclusion obtained for the galaxy NGC 3379 (83) is also very uncertain since unresolved point sources dominate the X-ray emission in that particular galaxy (84; 85).) Large systematic uncertainties have also characterized similar studies of 6 galaxies undertaken by (88) and (162), who concluded that, on average, the X-ray data are consistent with modest, but highly uncertain, non-thermal support (see Figure 11) . They conclude that, although they find ∼30% non-thermal pressure in the systems they studied, "the uncertainties in [their] (88) . By an extension of this argument, it could also be significantly larger. Fig. 11 (Left Panel) Comparison of circular velocities for six nearby galaxies inferred from hydrostatic X-ray models (horizontal axis) and from a suite of simple stellar dynamical estimates (vertical axis). The observation that the galaxies tend to lie above the dotted line representing equal X-ray and optical values implies that the X-ray method tends to underestimate the mass by around 30%, implying significant non-thermal gas motions (162) . (Right Panel) Stellar dynamics/X-ray comparison for NGC 4649 from (152) . The black lines represent the total mass profile (and 1σ range) from the stellar dynamics. The green line is a representation of the mass profile inferred from X-rays (90) , and the red line is the stellar mass.
A major roadblock to the use of more rigorous axisymmetric (or triaxial) "orbit based" methods for modeling the optical data in such work has been the pro-hibitive computational cost of self-consistently incorporating a DM halo in such a scheme. Recently, however, such models have begun to be developed (e.g., 181). In particular, (152) found a discrepancy between the mass profile of NGC 4649 from orbit-based models and the (spherical) X-ray mass distribution, implying on average ∼40% non-thermal support. This is significantly larger than was required by the hydrodynamical models of (41) to reconcile the stellar and X-ray ellipticity profiles (although this comparison is not strictly self-consistent as the hydrodynamical models assumed a gravitational potential consistent with the X-ray results). Similarly, (173) found discrepancies for the galaxy M 87, while the X-ray mass profiles were found by (118) to underestimate by ∼20-45% the gravitating mass determined from orbit-based stellar models in the centers of three galaxies, with the sign of the discrepancy reversing at large ( ∼ > 10 kpc) radii. While inclination effects could conceivably contribute a significant uncertainty into the stellar dynamical analysis of the round galaxies considered in these studies, a similar mismatch between the Xray and (orbit-based) optical mass estimates (corresponding to ∼50% non-thermal support) has been reported in the central ∼3 kpc region for the edge-on S0 galaxy NGC 1332 (182) .
Hence, the current status of comparisons between stellar dynamics and X-rays is that X-rays tend, on average, to underestimate the mass obtained by stellar dynamics by ∼ 30%, but with considerable uncertainty on many of the measurements, and the comparison can be complicated by a radial dependence in the discrepancy. To better understand the systematic errors in these comparisons, it is essential in the future that self-consistent comparisons be made; i.e., simultaneous modeling of the X-ray and stellar dynamical data. The X-ray data analysis is subject to numerous potential systematic effects which need to be controlled; e.g., background characterization, measurements of the metal abundances, treatment of unresolved discrete sources, and even uncertainties associated with the mass modeling technique that is adopted (e.g., 91; 118). While many of these systematic errors are modest in absolute terms, they can be comparable to, or at times exceed, the statistical errors. With the detailed comparison between X-ray and optical mass profiles now demanding the interpretation of differences as small as ∼20%, precise control of these errors is essential. Until this becomes routine, the accurate radial profiles of possible nonthermal gas motions inferred by comparing mass profiles determined from X-rays and stellar dynamics will remain out of reach.
Conclusions
With the advent of accurate radial temperature profiles from Chandra, XMM, and Suzaku, the need for DM is now firmly established in many giant elliptical galaxies (10 12 M ⊙ < ∼ M vir < ∼ 10 13 M ⊙ ). Current data do not distinguish between NFW and isothermal DM profiles. For the cosmologically motivated NFW model the inferred concentration parameters of elliptical galaxies generally exceed the mean theoretical relation. This discrepancy may be due in large part to the preferential selection of the most relaxed galaxies for X-ray studies. X-ray observations confirm that the total mass profile (baryons+DM) is close to isothermal (M ∼ r), and new evidence suggests a more general power-law relation for the slope of the total mass profile that varies with the stellar half-light radius. While the global baryon fraction remains difficult to constrain, a recent joint Chandra-Suzaku analysis of NGC 720 indicates a global baryon fraction consistent with the cosmological value, suggesting a Milky Way-size galaxy can retain all of its baryons. The axial ratio of the DM inferred from the X-ray isophote shapes of NGC 720 is very consistent with those of halos produced in cosmological simulations. Finally, the unprecedented high spatial resolution of Chandra has enabled the first measurements of the mass of SMBHs in a few elliptical galaxies, obtaining a precision comparable to that achieved by traditional optical methods in NGC 4649.
The most important uncertainty in X-ray determinations of DM in elliptical galaxies is no longer the measurement of the temperature profile but now the accuracy of the hydrostatic equilibrium approximation; i.e., the magnitude of nonthermal motions in the hot ISM. The limited direct constraints possible with current data suggest subsonic non-thermal motions, and improved measurements of turbulent motions via Doppler line broadening in the brightest systems are expected from Astro-H in a few years. In the meantime, it is essential to perform self-consistent studies of X-ray and stellar dynamical data of elliptical galaxies to assess the magnitude of non-thermal gas motions and achieve more reliable DM measurements than possible with either technique individually.
